G
ATA transcription factors play essential roles throughout development in diverse organ systems and species (1) . The six mammalian GATA factors each contain two highly homologous zinc fingers (2) . The carboxy-finger is principally responsible for recognition of the WGATAR DNA motif, although the amino finger contributes to binding at a subset of palindromic GATA sites (3) . In addition, the amino finger mediates interaction with transcriptional cofactors known as FOGs (for Friend of GATA) (4) . There are two mammalian FOG factors, FOG-1 and FOG-2 (4, 5) .
Of the six GATA factors, GATA-1͞2͞3 constitute a subfamily based on sequence and expression similarities (1) . GATA-1, the founding member of the family, is highly restricted in its expression to the hematopoietic system save for expression in Sertoli cells (6, 7) . Likewise, GATA-2 and GATA-3 are expressed in hematopoietic stem cells or progenitors of specific lineages (8, 9) . Gene targeting has revealed functions for GATA-1 in four hematopoietic lineages (erythroid, megakaryocytic, mast, and eosinophil) (10-13), GATA-2 in immature hematopoietic progenitors and mast cells (9, 14) , and GATA-3 in T lymphocytes (8) .
FOG-1 is expressed within hematopoietic lineages in an overlapping fashion with respect to GATA-1, -2, and -3 (5) . During embryogenesis, FOG-1 and GATA-1 are coexpressed in yolk sac and fetal liver. Knockout of FOG-1, or a specific knock-in mutation of GATA-1 that disrupts its physical interaction with FOG-1, results in arrest in erythroid cell maturation mimicking loss of GATA-1 (10, 15, 16) . Within the megakaryocyte lineage, FOG-1 acts with either GATA-1 or -2 to direct differentiation of the earliest precursors (17) . Within naïve T cells FOG-1 is coexpressed with GATA-3, where it may repress GATA-3-dependent activation and promotion of T helper 2 cell development (18) . Hence, multiple aspects of hematopoiesis are controlled by the interaction of FOG-1 with the GATA-1͞2͞3 subfamily.
In contrast to GATA-1͞2͞3, GATA-4͞5͞6 are expressed within various mesoderm-and endoderm-derived tissues, including the heart, liver, lung, gut, and urogenital system (reviewed in ref. 19 ). Embryos lacking GATA-4 die between embryonic days (E) 7.0 and 9.5 with cardia bifida because of a defect of ventral morphogenesis. Although GATA-4 Ϫ/Ϫ embryonic stem cells generate cardiac myocytes, formation of visceral endoderm and definitive endoderm of the foregut is defective. Mice with a targeted mutation of GATA-5 are reported to be normal except for defects in the female genitourinary tract. GATA-6 loss results in early embryonic lethality at E6.5-E7.5 because of impaired extraembryonic endoderm development. A block in the differentiation of heart precursors on forced expression suggests additional roles for GATA-6 in heart development (20) .
Similar to FOG-1's coexpression and function with GATA-1͞2͞3 in hematopoiesis, a second FOG member, FOG-2, is coexpressed with GATA-4͞5͞6 in the developing heart (4). FOG-2, like FOG-1, interacts with the amino finger of all GATA proteins (4, 21, 22) . Loss of FOG-2 results in a constellation of cardiac defects that resembles the tetralogy of Fallot malformation, including an overriding aorta, subpulmonic stenosis, and a subaortic ventricular septal defect (23, 24) . In addition, FOG-2 Ϫ/Ϫ hearts lack coronary vasculature, despite the presence of an intact epicardium. This defect is rescued by transgenic expression of FOG-2 in the myocardium (24) . These phenotypes are remarkably similar to those seen in mice harboring a GATA-4 knock-in mutation (called GATA-4 KI/KI ) that disrupts interaction with FOG proteins (25) . However, GATA-4 KI/KI mice demonstrate a subtle variation of phenotype, including a double outlet right ventricle (DORV) as opposed to an overriding aorta seen in FOG-2 Ϫ/Ϫ mice (25) .
To explore nonhematopoietic roles of FOG-1, possibly within the heart, we have rescued FOG-1 Ϫ/Ϫ mice with a FOG-1 cDNA-transgene that is specifically expressed in the hematopoietic compartment. On hematopoietic rescue, the survival of FOG-1 Ϫ/Ϫ embryos is extended from E10.5 to E14.5. Transgene rescued mice succumb because of heart defects, including DORV and a common atrioventricular (AV) valve. Significantly, in contrast to FOG-2 Ϫ/Ϫ mice, transgene-rescued FOG-1 (27) , whole-mount hybridization with riboprobes labeled with digoxigenin-UTP (Roche Molecular Biochemicals), and whole-mount immunohistochemistry on isolated hearts were performed as described (24) . A multiple-tissue Northern blot (Clontech) was hybridized to radiolabeled FOG-1 cDNA probe by using standard methods. The Wnt-1 Cre (28), floxed ROSA26 locus (29) , and FOG-1 rescue transgene alleles were bred into the FOG-1 Ϫ/Ϫ background. Hearts were isolated from E14.5 embryos and stained for ␤-galactosidase (LacZ) expression as described (29) .
Generation of a Floxed FOG-1 Allele. A 10-kb KpnI-NotI fragment of Fog-1 genomic DNA was subcloned into a polylinkermodified Litmus 28 plasmid (New England Biolabs). We then inserted a loxP site in the intron preceding zinc finger 1, a floxed neomycin expression cassette Ϸ500 bp 3Ј of the terminal exon, and a herpes simplex virus thymidine kinase cassette. Construct DNA was linearized with SspI and electroporated into TL1 embryonic stem cells. A correctly targeted clone was injected into C57BL͞6 blastocysts after in vitro excision of the neomycin cassette. Genotyping was performed by PCR and Southern analysis.
Results
Transgenic Rescue of Hematopoiesis in FOG-1 ؊/؊ Mice. To explore nonhematopoietic requirements for FOG-1 in development, we first rescued the hematopoietic defects of FOG-1 Ϫ/Ϫ mice with FOG-1 cDNA expressed from regulatory sequences of the GATA-1 gene (Fig. 1a) (5) . Transgene-derived RNA was expressed at levels closely approximating that of endogenous FOG-1 mRNA in spleen (data not shown). FOG-1 Ϫ/Ϫ embryos die between E10.5 and E12.5 because of anemia, as reflected by a pale yolk sac ( Fig. 1 b-d) . Transgene-rescued FOG-1 Ϫ/Ϫ embryos survive to E14.5-E15.5 with normal-appearing primitive blood cells in the yolk sac and fetal liver ( Fig. 1 e- 
i).
Definitive erythropoiesis was also normal in the rescued mice based on morphology and assay of erythroid colony-forming and burst-forming units from E14.5 livers ( Fig. 1 j-l) . Megakaryopoiesis was rescued in the transgene-rescued FOG-1 Ϫ/Ϫ embryos, as shown by the presence of megakaryocytes in liver sections ( Fig. 1 m and n) . Death of transgene-bearing FOG-1 Ϫ/Ϫ embryos despite normal hematopoiesis indicates that FOG-1 is essential for development of a nonhematopoietic tissue.
Cardiac Expression of FOG-1. FOG-1 expression was assessed by Northern analysis to determine where FOG-1 might also be required. A major Ϸ3.5-kb RNA transcript was detected strongly in spleen, testis, and liver. Lower level expression was also noted in the heart, brain, lung, and kidney (Fig. 2a) . Examination of FOG-1 expression by 35 S in situ hybridization of transverse ϫ1,000.) Phenotypes of wild-type (h) and rescued (i) embryos with intact visceral yolk sacs (E14.5) and May-Grü nwald-Giemsa staining of mixed colonies at day 7 of differentiation from wild-type (j) and rescued (k) embryonic livers on E14.5 are shown. Mixed colonies were harvested and cytospun before staining. (Original magnification: ϫ400.) (l) Number of colonies of erythroid colony-forming units (CFU-E) and burst-forming units (BFU-E) observed after 2 and 6 days of culture, respectively. Eight homozygous, 10 heterozygous, and 2 rescued embryos were analyzed. Error bars represent SEM. Cross section of livers stained with HϩE from E14.5 wild-type (m) and rescued (n) embryos are shown. Arrows mark megakaryocytes in the rescued liver section. (Original magnification: ϫ200.) sections of E12.5 embryos demonstrated localized expression in the developing heart. Specifically, FOG-1 message is found in the outflow tract region (Fig. 2b) . Thus, FOG-1 is coexpressed in the heart along with members of the GATA-4͞5͞6 subfamily.
Defects in Cardiac Development
in FOG-1 ؊/؊ Transgene-Rescued Embryos. Timed matings demonstrated that transgene-rescued FOG-1
Ϫ/Ϫ
embryos died between E14.5 and E15.5, accompanied by pallor, edema, and hemorrhages ( Fig. 3 a and b) . These findings are consistent with cardiac failure and similar to the appearance of FOG-2 embryos at E14.5 was examined after serial sectioning in the transverse plane. All mutant hearts exhibited DORV, where both the aorta and the pulmonary trunk arise from the right ventricle ( Fig. 3 c and d) . This pathology resembles that observed in the GATA-4 KI/KI embryos (25) . In addition, transgenerescued FOG-1 Ϫ/Ϫ embryos exhibited atrial and ventricular septal defects along with an AV canal defect that included a single common AV valve (as opposed to separate tricuspid and mitral valves) (Fig. 3 e and f ) . These findings are similar to observations made in FOG-2 Ϫ/Ϫ and GATA-4 KI/KI embryos (24, 25) . However, in contrast to those embryos, transgene-rescued FOG-1 Ϫ/Ϫ embryos have coronary vessels (Fig. 3g) . In addition, the transgene-rescued FOG-1 Ϫ/Ϫ myocardium is variably thinner than wild type but not as thin as that seen in the FOG-2 Ϫ/Ϫ embryos.
Proper Neural Crest Cell Migration in FOG-1 ؊/؊ Transgene-Rescued
Embryos. The defects seen in the FOG-1 rescue mice could be attributed to the loss of FOG-1 action in one of several cardiac cell lineages. Both neural crest cells and endothelially derived mesenchymal cells of the endocardial cushions are essential cell lineages in the development of the cardiac outflow tract and the aorticopulmonary septum (28, 30) . We sought to determine whether FOG-1 was required in either endothelium or neural crest.
We first used a Cre-LoxP fate-mapping strategy to determine whether FOG-1 might be important for cardiac neural-crest migration. We bred a Wnt-1-Cre transgene and a stopped LacZ reporter allele into FOG-1-rescue mice to mark neural crest cells and their progeny by LacZ expression on Cre-mediated removal of a stopper fragment (29) . Although the gross morphology of the hearts from the rescued embryos was abnormal, the abundance and location of neural-crest cells were similar to those seen in wild-type hearts (Fig. 4) . This result suggests that a defect in neural crest cell migration is unlikely to account for cardiac defects in transgene-rescued FOG-1 Ϫ/Ϫ embryos.
Conditional Inactivation of FOG-1 from Neural Crest Cells and Endo-
thelial Cells. Although neural crest cells migrate into the heart of mutant embryos, we could not attest to their functionality. To address this concern we created a conditional mutant FOG-1 strain (FOG-1 f l/f l ; Fig. 5a phenotype is recapitulated (data not shown). Wnt-1 and Tie-2-Cre transgenes were used to inactivate FOG-1 specifically within neural crest and endothelial-derived cells, respectively (28, 30) . Although Wnt-1-Cre is specific to neural crest lineages, the Tie-2-Cre exhibits partial excision within immature hematopoietic cells (unpublished data). To mitigate any consequences of Tie-2-Cre expression in hematopoietic cells, we crossed our FOG-1 rescue allele into the Tie-2-Cre and FOG-1 floxed allele matings. Mice with FOG-1 deleted from the neural crest are viable and fail to display DORV or other cardiac defects at E14.5 (Fig. 5b) . On the other hand, endothelial-specific inactivation of Fog-1 recapitulates the cardiovascular phenotype observed in the FOG-1 rescue embryos (Fig. 5b ). All embryos with FOG-1 deleted from the endothelium by Tie-2-Cre display DORV, a common AV valve, and an atrial and a ventricular septal defect. These results indicate that the role of FOG-1 in cardiac development is in endothelial-derived structures.
One difference between the rescue mice and the endothelialspecific FOG-1 knockout mice remained, namely in the relationship of the aorta to the pulmonary trunk. In the rescue embryos, both main arteries arise from the right ventricle at nearly the same level. However, in the endothelial-specific FOG-1 knockout, a small degree of conal rotation is present, resulting in a slightly more rostral origin of the aorta from the right ventricle compared with that of the pulmonary artery. To explore whether FOG-1 was completely ablated in the Tie-2-Cre conditional knockout, we performed FOG-1 35 S in situ analysis (Fig. 6) . From this analysis, we suggest that the subtle differences in phenotypes of the Tie-2-Cre-mediated deletion of FOG-1 f l/f l and transgene-rescued FOG-1 Ϫ/Ϫ embryos may result from residual expression of Fog-1 in endothelial cells, although we cannot rule out a contribution from an alternative cardiac lineage.
Discussion
Cardiac morphogenesis is complex and reflects the interplay of different cell types, structures, multiple regulatory proteins, and signaling pathways. Congenital heart disease, the largest class of birth defects, is often caused by mutations in developmental control genes (reviewed in ref. 31 ). Mutations in cardiomyocytespecific transcription factors such as GATA-4, Nkx2-5, and Tbx5 have already been implicated in congenital human cardiac disease. Whereas it has been established that the GATA cofactor FOG-2 is required for normal heart development, the work described here demonstrates that FOG-1, a cofactor not shown previously to function with the GATA-4͞5͞6 subfamily, is also essential for proper cardiac development.
The defects seen in the transgene-rescued FOG-1 Ϫ/Ϫ embryos and the Tie-2-Cre knockout embryos are most similar to those in FOG-2 Ϫ/Ϫ and GATA-4 KI/KI mice. One phenotype shared by all mutants is the presence of atrial and ventricular septal defects. Recently, mutations in GATA-4 have been associated with isolated cardiac septal defects in a large human pedigree (32) . It is surprising perhaps that the closely related FOG family proteins do not compensate functionally for one another, but rather, loss of either results in similar cardiac defects. One possibility is that they may coordinate a common morphogenetic pathway for the great vessels within distinct cell populations. Formation of the outflow tract and AV valves requires the interaction of diverse cell types. Two cell lineages critical for the formation of the outflow tract of the heart are the endothelially derived mesenchyme of the endocardial cushions and cardiac neural crest cells which migrate into the cardiac outflow tract and form the aorticopulmonary septum (28, 30) . Endothelial cells that undergo endocardial-mesenchymal transformation are also essential for the development of the AV valves (30) . Disruption of several different genes expressed within either lineage [e.g., NF-1 (35) in endothelium and Pax3 (27) and platelet-derived growth factor ␣ (36) in neural crest] results in cardiac outflow tract abnormalities. From myocardial-specific transgenic rescue, we previously concluded that FOG-2 is required within the myocardium for the initiation of coronary vasculature (24) . In this work we have shown that FOG-1 acts specifically within the endothelium for its role in heart development.
It is likely that FOG-1 cooperates with one (or multiple) of the GATA-4͞5͞6 subfamily within the endothelium of the developing heart. All three factors are coexpressed in the endocardium (2) . Mutations of the GATA-5 gene in the zebrafish faust mutant lead to defects of endocardial differentiation (37) . In vitro cell assays also point to a pivotal role for GATA-5 in the differentiation of committed cardiogenic precursors to endothelial endocardial cells (33) . However, GATA-4 is also present in endocardial cells and the GATA-4 KI/KI mice display a remarkably similar phenotype of DORV and a common AV valve. In either scenario, our findings suggest that FOG-1 functions with the GATA-4͞5͞6 subfamily in the endothelium of the heart, similar to its ability to serve as a transcriptional cofactor to GATA-1͞ 2͞3 in the blood. The strong conservation of critical amino acid residues that mediate association of GATA and FOG proteins is consistent with mixing and matching of factors in different developmental contexts (38) .
It is notable that endothelium and blood are postulated to share a common precursor, the hemangioblast (39), within the early embryo. Recently, mutations in the gene encoding the phosphatase Shp2 have been associated with Noonan syndrome, a condition characterized by endocardial cushion defects (40) . Noonan patients also have an increased incidence of leukemia, and mutations in the Shp2 gene are found in additional patients with juvenile myelomonocytic leukemia (41) . Likewise, the type 1 neurofibromatosis gene Nf1 plays an essential role in endothelial cells, and Tie-2-Cre-mediated inactivation of Nf1 leads to both cardiac defects and hematological disorders (ref. 35 and unpublished observations of J.A.E.). Thus, FOG-1 may be a component of a conserved regulatory pathway that functions in derivatives of a precursor to the blood and vascular lineages.
